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Over half of wetlands in North America have been lost or degraded. Rainwater Basin
(RWB) wetlands, located in south-central Nebraska, are a primary example of such loss; an
estimated 90% have been destroyed by land conversion for agriculture. Remaining RWB
wetlands are often embedded in row-crop fields, where they are threatened by altered surface
water runoff flow, drainage features, and excess sediment inputs. Efforts at the state and federal
level have been made to preserve this wetland complex due to the critical stopover habitat these
wetlands provide for migratory birds. Land managers work to maintain sufficient water levels
during migratory seasons and control invasive plant species through various methods such as
grazing, excavation, and pumping of water.
Hydrologic research on RWB wetlands is limited. Studies on RWB wetland hydrology
and the impact of restoration efforts are needed to aid management efforts of these endangered
wetlands. This study attempts to evaluate which variables positively or negatively impact water
quantity in wetlands, and to what degree. The variables analyzed include ones pertaining to
climate, land characteristics, and restoration efforts. Results indicate certain precipitation
variables and land-use types in the watershed are the most important; however, most variables
were of modest and marginally differing importance. Exploratory analyses of water level data
were also performed to extrapolate the influence of precipitation, current water levels, ET, and
infiltration on water level changes. RF models predicted daily water level declines of 5 – 6 mm
per day, with 1 – 2 mm of differences between sites. The model predicted modest differences in
water level response to precipitation between sites when other predictor variables were held the
same.
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CHAPTER 1 – RAINWATER BASIN WETLANDS
1.1 Introduction
Located in south-central Nebraska, the Rainwater Basin region is named for the complex
of endangered wetlands it contains. Rainwater Basin (RWB) wetlands are shallow, rain-fed
wetlands that serve as critical stopover habitat for the millions of birds that migrate through
Central Flyway (Jorgensen et al., 2013) (see Figure 1-1). RWB wetlands are categorized as playa
wetlands, which are ephemeral endorheic basins in semiarid regions of The Great Plains (Gurdak
& Roe, 2010). Playa wetlands are also found throughout Texas, New Mexico, Kansas, and
Oklahoma; however, these wetland systems are not analogous to RWB wetlands in climate or
socio-ecological setting.
Based on historic soil surveys, the National Wetland Inventory, and the Soil Survey
Geographic Database, it has been estimated that roughly 11,000 individual playa wetlands once
existed in the RWB region (Jorgensen et al., 2013). Since European settlement, 90% of these
wetlands have been lost and remaining wetlands are severely degraded (Verheijen et al., 2020,
Jorgensen et al., 2013; Daniel et al., 2017). This loss has occurred primarily through land
conversion for row-crop agriculture. Past and current threats to RWB wetlands include draining,
filling, construction of roads and irrigation pits that divert surface water flows, invasive plant
species, and inflows of what is known as “culturally accelerated sediment” (CAS) (Gu, 2015;
Tang et al., 2015; La Grange et al., 2011). CAS negatively impacts wetlands by burying hydric
soils, reducing wetland storage area for water, burying native seed banks, and creating a more
suitable substrate for invasive plants to establish themselves (Beas et al., 2013). Sedimentation
processes in the current landscape have “reversed,” as upland areas surrounding wetlands have
been converted from prairie vegetation to tilled croplands with no permanent vegetative cover
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(LaGrange et al., 2011). Prior to agricultural tillage, prairie grasses kept upland soil in place
while wind and animals tracked soil out of RWB wetlands during dry periods. For the last two
centuries this process has been “reversed” as agricultural methods result in upland soils being
exposed and subject to greater rates of erosion than the now comparatively more vegetated
wetlands, causing CAS to be deposited into and accumulate RWB wetlands (LaGrange et al.,
2011). To quantify CAS accumulated since European settlement, Tang et al. (2015) used fly ash
from coal-burning locomotives that traveled through the RWB region in the 1800 and early
1900s to estimate post-settlement sediment deposition rates in five wetland sites. Fly ash was
found at depths of 23.3 - 38 cm (9.2 - 15 in), indicating the amount of CAS that had been
deposited in the past 200-150 years (Tang et al., 2015). This is significant as RWB wetlands lie
only a few meters below uplands. Numerous conservation efforts have been undertaken to
preserve and restore wetlands. The complexity of these systems however makes the effectiveness
of conservation activities difficult to assess.
The overall purpose of this study was to better understand hydrologic influences on RWB
wetlands through the analysis of habitat survey data and water level data. Specifically, the
objectives were; 1) quantify the relative influence of potential predictor variables on wetland
functional area, ponded area, and changes in water level; 2) determine the magnitude and
direction of relationship between predictor variables and response variables. It is difficult to
monitor RWB wetland response to restoration efforts due to the highly modified environment
they are embedded in, dependence on weather, and their ephemeral nature. By including
restoration variables in the analyses, the influence of restoration -related variables can be
compared to other predictor variables.

3
1.1 Background
Geomorphologic studies of RWB wetlands indicate that the basins these wetlands occupy
formed during the late Pleistocene, particularly during the Wisconsin Glaciation. Kuzila (1988)
identified the age of buried paleosols within two breached and drained basins as being ~19,000
to 27,000 years old and identified the parent material of the overlying soil as Peoria and Bignell
loess. Later studies have identified Gilman Canyon Formation loess and Loveland loess in
association with these basins, as well (Young et al, n.d.; Young et al, 2015). Depressions vary in
size from less than an acre to over a thousand acres (Kuzila, 1994). The predominant hypothesis
for their formation is wind deflation and blowout events in an eolian environment, as indicated
by the crescent-shaped ridge or “lunettes” along their south-southeast perimeter (Wilson, 2010;
Young et al., n.d.). Additionally, the long-axis of these elliptical basins is typically oriented
southwest to northeast (Young et al., 2015.). The resulting depressions had additional loess
deposited over them, flattening their relief to create the sub-10 meter depressions seen today
(Young et al., n.d.). Surface runoff to wetlands and wind are presumed to have deposited fine
material on basin floors, resulting in the formation of low-permeability sediments (Wilson,
2010).
Little research has been conducted on the hydrology of RWB wetlands and variables that
might constrain their hydroperiod, including restoration efforts. Uden et al. (2015) used data on
climate, surrounding landcover, wetland shape, artificial pumping by wetland managers, and
annual habitat surveys across the RWB region to model and predict future wetland inundation
based on several climate change scenarios. Beas et al. (2013) and Beas & Smith (2014) focused
on vegetative and amphibian communities in RWB wetlands, and in their studies noted
differences in reference (“high-functioning”) wetlands, restored wetlands, and cropland-
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embedded wetlands. Across two years of study, reference and restored wetlands were inundated
during the field season more often than cropland wetlands. Several student-led studies involved
hydrologic data collection at a small selection of RWB sites. Wilson (2010) utilized a water
balance approach at 8 wetland sites in an attempt to understand wetland hydroperiod and the
magnitude of water loss due to evapotranspiration (ET) and infiltration. Results indicated that
more water is removed from RWB wetlands by infiltration Several student-led studies involved
hydrologic data collection at a small selection of RWB sites. Wilson (2010) utilized a water
balance approach at 8 wetland sites to understand wetland hydroperiod and the magnitude of
water loss due to evapotranspiration (ET) and infiltration. Results indicated that more water is
removed from RWB wetlands by infiltration than ET in the spring and early summer; wetland
water volumes depended highly on the size of precipitation events and soil moisture levels, with
dry soils reducing storage of received precipitation due to infiltration of precipitation into
desiccation cracks. Foster (2010) examined surface and groundwater chemistry at 8 wetland
sites, using water samples from wetland surface water, shallow wells, and deep wells. Pesticide,
isotope, and ion concentrations were used to examine evaporative dynamics and wetlands’
relationship with groundwater, revealing geochemical differences with minimal similarities
among the 8 wetlands.
1.1.2 Study Area

Annual precipitation received in the RWB ranges from 460 mm (~18 in) in the drier
western end and 710 mm (~28 in) in the eastern portion, with the ratio of evapotranspiration to
precipitation ranging from ~80 to 120% (Beas & Smith, 2014; Szilagyi, 2017.). The Nebraska
Game and Parks Commission (NGPC) manages RWB wetlands within 35 wildlife management
areas (WMAs) located in the RWB region (Figure 1-2). WMAs contain either a portion of or the
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entire hydric footprint (HFP) of a wetland, and are often embedded in row crop fields (Uden et
al., 2015). The size of HFPs on NGPC’s publicly owned land area ranges from roughly 0.14 km2
to 4.5 km2 (34.6 to 1,112 acres). Watershed boundaries for these wetlands were derived from
LiDAR imagery by Tang (2015). Depth to the water table ranges from 20 meters for wetlands in
the eastern end of the region to 55 meters in the west, based on data from the Conservation and
Survey Division’s Nebraska Groundwater-Level Monitoring Program.- As part of efforts to
conserve and maintain wetland habitat, NGPC has conducted sediment excavation projects in
over half of these WMAs and will at times pump water into wetlands to supplement them during
dry years. Additional restoration efforts include filling of nearby irrigation pits that detract from
surface water flows to wetlands, pumping water into wetlands, and grazing of cattle to manage
vegetation.

Figure 1-1. Map of the four major flyways of the United States, and the location of the
Rainwater Basin Region within the Central Flyway.
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Figure 1-2. Map of Nebraska Game & Parks Commission’s 35 Wildlife Management Areas in
the Rainwater Basin Region, with watershed areas as delineated by Tang (2015) depicted in blue.
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CHAPTER 2 – ANALYSIS OF ANNUAL HABITAT SURVEY
DATA
2.1 Introduction
The Rainwater Basin Joint Venture’s (RWBJV) annual habitat surveys (AHS) form the
spatiotemporally broadest dataset available that pertains to wetland inundation. Annual habitat
surveys have been conducted in early spring (Feb-March) since 2004, with the exception of
2005. High-resolution (0.61 m) color-infrared aerial photos are taken and an image-object
classification system is used to identify areas of standing water and hydric vegetation (Uden et
al., 2015). From these surveys, the RWBJV has created a dataset of wetland ponded area (PA) in
the RWB region during peak migration season in 2004 and from 2006 to 2020. With 16 years of
survey data and 35 study sites, 556 observations (2 sites were not surveyed in 2004 and 2012) of
wetland ponded area are available. By providing an annual snapshot of wetland ponded area,
data from AHS can be compared to variables such as spring rainfall, watershed size, surrounding
land use, and restoration efforts to evaluate the magnitude and direction of relationship between
these variables. Analysis of this data examines what predictor variables have the largest relative
positive and negative influences on wetland inundation.

2.2 Methods
Ponded area from the AHS dataset was clipped using ArcMap to the land area owned by
NGPC, and annual ponded area for each of NGPC’s 35 WMAs was then extracted. To normalize
for differences in wetland size, ponded area values were divided by the area of hydric soils
(HSA) in each wetland. HSA values were created using Natural Resource Conservation Survey
(NRCS) soil survey maps by combining the area of soil map units that predominantly contained
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soils of the Massie, Scott, and Fillmore series, as these are the main hydric soil types found in
RWB wetlands. HSA values were compared to hydric footprint (HFP) values provided by NGPC
and RWBJV to evaluate accuracy. For most sites, HSA and HFP values were similar, with an
average difference of 0.017 +/- 0.042 square km. However, due to a large discrepancy between
the HSA and HFP for Prairie Marsh WMA (9.78 acres/0.039 sq km versus 38.33 acres/0.155 sq
km, respectively), the HFP value was adopted for this specific site based on a review of satellite
imagery. One general caveat of these calculations is that soil maps for wetlands vary in their
creation date and methodology for soil delineations. Additionally, some wetlands contain semihydric soils, such as Butler soil, which comprises a large area of Prairie Marsh WMA, or they
may have non-hydric soils with hydric inclusions.

2.2.1. Random Forest

The inability to control for key influences on wetland hydrology (such as rainfall) makes
it difficult to evaluate the effects of restoration efforts. Restoration methods may have a positive
effect on wetland water levels, but this effect may be overshadowed by more influential
variables. To accommodate as many known and potential predictor variables, a Random Forest
(RF) analysis was performed. RF is a machine learning algorithm first introduced by Breiman
(2001) that randomly samples the dataset with replacement to create a specified number of
classification and/or regression trees. These trees partition the dataset into a series of binary
splits; for each split or “node”, the algorithm selects a specified number of predictor variables to
evaluate and it selects the one that results in the most homogeneity of response variable
observations within the two groups (EPA, 2022). Node purity refers to the measure of
homogeneity of observations at a node. When a categorical variable is used at the node, the Gini
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index is used to calculate impurity, and the sum of squared error is used for regression variables.
Splitting of the dataset is considered complete when a specified stopping point is reached, or
when increased homogeneity between groups cannot be accomplished by further splitting (Caven
et al., 2017). The resulting trees are then averaged, allowing RF to produce results that are less
sensitive to outliers and less prone to overfitting than a single classification and regression tree.
RF can be used to compare the relative influence of predictor variables by measuring the
increase in mean square error between the model’s predicted values and observed values when
each predictor variable is excluded (Caven et al., 2017).
Roughly 80 individual variables were initially considered for the analysis (see Table 2-1
for a list of predictor variables and Table 2-2 for a list of data sources). A correlation matrix of
analyzed variables is shown in Figure 2-1. Highly correlated/redundant variables, such as
precipitation over the wetland and watershed during the same month, were removed. AHS values
of ponded area, normalized by wetland size to create a percent of ponded area, were used as the
response variable. Variables spatially constrained to the area of the wetland, such as area of
Scott, Massie, and Fillmore soils within the publicly-owned wetland area were analyzed as both
non-normalized values and as values normalized by HSA. The same was done for variables
pertaining to watershed land use. Values for depth to the water table at each wetland, water table
change over the past decade, and water table level change since pre-development were initially
included in the analysis but were removed as water table variables are similarly impacted by
factors that influence ponded area, but do not affect ponded area on their own. A histogram
depicting the distribution of values for ponded area is shown in Error! Reference source not
found..
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Analysis was conducted in R using the “randomForest” package (Breiman and Cutler,
2001). Given the small sample size of the dataset and to avoid over-fitting, the assigned value for
number of trees for the model to create, “ntree,” was left at the standard value of 500 (Breiman
and Cutler, 2001). The number of predictor variables (p) the model randomly samples at each
node is known as “mtry”. Typically, p/3 is used for continuous variables and p ^½ is used for
categorical variables (Liaw & Wiener, 2002). For this analysis, the tuneRF function within the
Random Forest package was used to determine an mtry value that would result in the least
amount of prediction error. Additionally, a feature selection algorithm was run using the
“Boruta” R package before running the RF analysis. Boruta runs a statistical test on predictor
variables to determine which variables are less relevant than variables created from random
shuffled data (Kursa and Rudnicki, 2010). This test serves to identify and reject irrelevant
variables with the intent of improving RF model accuracy, as the accuracy of machine learning
algorithms suffer when more features than would be optimal are considered (Kursa and
Rudnicki, 2010). Table 2-1 includes the Boruta decision for each variable.
The intended outputs of the RF analysis are a variable importance plot, a calculation of
the amount of variance in observations that can be explained by the analyzed predictor variables,
and partial dependence plots. Variable importance plots depict the increase in mean square error
(MSE) in the RF model’s predictions when a predictor variable is permuted (Brieman, 2001).
The greater the increase in error, the more important that variable is inferred to be for predicting
response variable values. Variable importance plots also depict the increase in node purity when
a predictor variable is chosen to create a split. Partial dependence plots portray the marginal
effect of a predictor variable on predictions of the response variable while holding all other
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variables constant. PD plots can be used to infer the direction and strength of the relationship
between a predictor variable and the response variable.
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VARIABLE
TYPE

VARIABLE

Exc.St
Exc.YS
Exc.Num
Exc.MD.cm

Restoration

Excavation status
Years since last excavation project
Number of excavation projects performed at site
Combined depth of most recent excavation
project
Combined depth of all excavation projects
Amount of material removed during the last
excavation project, normalized by hydric soil
area
Total amount of excavated material removed
from all excavation projects, normalized by
hydric soil area
Amount of material removed during the last
excavation project
Total amount of excavated material removed
from all excavation projects
Watershed Area
Area of watershed under corn cultivation
Area of watershed under sorghum cultivation
Area of watershed under soy cultivation
Area of watershed that is developed
Area of watershed that is undeveloped and
uncultivated
Percent of watershed area that is under corn
cultivation
Percent of watershed area that is under sorghum
cultivation
Percent of watershed area that is under soy
cultivation
Percent of watershed area that is developed
Percent of watershed area that is undeveloped
and uncultivated
Volume of irrigation pits in the watershed

WS.a
WS.Corn.sqm
WS.Sorg.sqm
WS.Soy.sqm
WS.Dev.sqm
WS.NDNC.sqm

Total hydric soil area
Most hydric soil type within hydric soil area
Area of Massie soil within hydric soil area
Area of Scott soil within hydric soil area
Area of Fillmore soil within hydric soil area
Percent of Massie soil within hydric soil area

THSA
MHST
S.Massie.a
S.Scott.a
S.Fillmore.a
S.Massie.HSA.p

Watershed
Characteristics

Wetland
Characteristics

VARIABLE CODE

Exc.CD.cm
Exc.RL.cmnorm

Exc.RT.cmnorm

Exc.RL.cm
Exc.RT.cm

WS.Corn.p
WS.Sorg.p
WS.Soy.p
WS.Dev.p
WS.NDNC.p
WS.IrgPit.cm
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Percent of Scott soil in hydric soil area
Percent of Fillmore soil within hydric soil area

S.Scott.HSA.p
S.Fillmore.HSA.p

Precipitation received over watershed in the
specified month

P.WS.(Jan, Feb, Mar, Apr,
May, Jun, Jul, Aug, Sept,
Oct, Nov, Dec).mm
P.WS.(Summer, Fall,
Winter).mm
P.WMA.(Jan, Feb, Mar,
Apr, May, Jun, Jul, Aug,
Sept, Oct, Nov, Dec).mm
P.WMA.(Summer, Fall,
Winter).mm
P.WMA.(Jan, Feb, Mar,
Apr, May, Jun, Jul, Aug,
Sept, Oct, Nov, Dec).norm
P.WMA.Annual.norm

Precipitation over watershed in specified season
Precipitation over wetland in specified season
Precipitation
Precipitation received over wetland in the
specified month
Percent deviation from 30-year (1989-2020)
precipitation norm for specified month

Percent deviation from 30-year (1989-2020)
precipitation norm for the year
Table 2-1. Variable codes and descriptions for the variables used in the analysis of ponded area.
Variables in bolded text indicate those that were confirmed by Boruta, regular text indicates
tentative variables, and italicized text indicates rejected variables. Boruta decisions are discussed
in section 2.3.1 Model Performance & Variable Importance.

DATA
Precipitation data
Soil data

SOURCE

PRISM, 2017
Natural Resource Conservation Survey SSURGO
database
Wetland watershed delineations
Tang, 2015
Irrigation pit locations and volumes Rainwater Basin Joint Venture
Wetland excavation projects data
Nebraska Game & Parks Commission
Land use data
USDA Natural Agricultural Statistics Service
Table 2-2. Datasets used and their sources
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Figure 2-1. Kendall correlation matrix of predictor variables.

15

Figure 2-2. Histogram plot of values for percent ponded area across 35 wetland sites, from 2004
and 2006 - 2020.

2.3 Results
2.3.1. Model Performance & Variable Importance
Of the 73 variables chosen for the RF analysis, 41 were confirmed as relevant, 26 were
rejected, and 10 were labeled tentative by the Boruta algorithm (see Table 2-1). RF analysis was
then run using the 51 confirmed and tentative variables (mtry = 17, ntree = 500). The RF model
explained 49.11% of variance in ponded area observations. The mean of squared residuals was
310.15, meaning the model’s predictions of ponded area were off by 17.61% on average. This
error rate is high considering the mean for ponded area is 21.64% and the median is 11.09%,
however the standard deviation for ponded area is 24.71%, meaning the model was able to
predict ponded area within less than 1 standard deviation from the mean. The variable
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importance plot for this model is shown in . Variables with the largest relative importance were
precipitation received over the wetland in December, combined precipitation in the fall, and
October precipitation.

Figure 2-3. Variable importance plot for ponded area RF model.
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2.3.2 Restoration Variables
The Boruta feature selection algorithm rejected variables pertaining to excavation status,
depth, years since excavation, number of excavation projects, and the total non-normalized
amount of excavated material. Normalized values of material removed during the last excavation
event and total amount of excavated material were confirmed; non-normalized value of material
removed during the last excavation event was labeled tentative. PD plots for these variables are
shown in Figure 2-4. Normalized variables were predicted to have a positive relationship with
ponded area, and the non-normalized variable presented a positive albeit significantly weaker
relationship.
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Figure 2-4. PD plots for excavation variables.
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2.3.3 Precipitation Variables
No variables pertaining to precipitation amounts were rejected, and only precipitation
over the wetland and watershed in July were labeled tentative. Precipitation received over the
wetland and over the watershed in December, wetland precipitation in October, and wetland
precipitation in the fall had the highest relative importance of all variables analyzed. PD plots for
all monthly sums of precipitation over the watershed and wetland are shown in Figure 2-5, and
PD plots for seasonal sums are in Figure 2-6. For precipitation received over the wetland in
December, the model predicted ponded area would not increase until a threshold of around 38
mm of precipitation was reached, after which ponded area drastically increased (~7.5%).
Precipitation received beyond 50 mm was predicted to result in minimal (<1%) increases in
ponded area, until a very minor increase at a second threshold of 75 mm. December watershed
precipitation exhibits a similar trend, but with smaller overall increases in ponded area. Fall
precipitation depicts a more gradual relationship of similar magnitude; after a threshold of ~100
mm is met, ponded area is predicted to increase by ~8% until 300 mm of precipitation, after
which ponded area ceases to increase. Wetland precipitation in October precipitation was
predicted to result in a ~4% increase in ponded area between 60 - 160 mm. October was the only
month for which the percent deviation from 30-year (1991 - 2020) precipitation normals was
confirmed by Boruta (Figure 2-7). January percent deviation from precipitation norms was
labeled tentative, and has a similar trend (Figure 2-8). For both variables, the model predicted an
initially negative relationship that then switches to become positive.
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Figure 2-5. PD plots for monthly precipitation over the wetland and watershed.
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Figure 2-6. PD plots for seasonal precipitation sums over the wetland and watershed.
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Figure 2-7. PD plot for deviation from precipitation normal in October.
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Figure 2-8. PD plot for deviation from precipitation normal in January.
2.3.4 Wetland and Watershed Characteristics
The variables pertaining to watershed and wetland characteristics that were not rejected
by Boruta are: watershed size, ratio of watershed area to hydric soil area; percent of watershed
under soy cultivation, developed land, and undeveloped/uncultivated land; square meters of
watershed land under corn cultivation, sorghum cultivation, soy cultivation, developed land, and
undeveloped/uncultivated land; area of Massie, Scott, and Fillmore soil; percent of HSA
comprised of Massie and Fillmore soils; and the volume of irrigation pits in the watershed.
Variables pertaining to square meters of developed land, corn cultivation, and soy cultivation
were the most important variables amongst those pertaining to wetland and watershed
characteristics. PD plots for land use in the watershed are shown in Figure 2-9. Percentage of the
watershed under soy cultivation and undeveloped/uncultivated land have a positive relationship
with ponded area; percentage of developed land was labeled tentative by Boruta and does not
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display an obvious relationship with ponded area. Square kilometers of
undeveloped/uncultivated land in the watershed predictably has a positive relationship; soy
cultivation initially has a negative relationship with ponded area; corn cultivation and developed
land demonstrate a negative relationship, and the sorghum cultivation, which was labeled
tentative, does not demonstrate a clear relationship.
Figure 2-10 depicts PD plots for the area and percent area of different hydric soil types
within the hydric soil area of WMAs. The only soil variable confirmed by Boruta was the
percent of hydric soil that was a predominantly Massie soil unit; the percent of Scott soil within
the hydric soil area was rejected, and the remaining 4 soil variables were labeled tentative.
Massie soil was also the only type to be predicted to have a positive relationship with ponded
area. This is in-line with expectations, as Massie soil drains slower than Scott and Fillmore soil
due to its clay content and Bt layer thickness (Soil Survey Staff).
PD plots for watershed size and the ratio of watershed area to hydric soil area are in
Figure 2-11 and Figure 2-12, respectively. Both were predicted by the model to be negatively
correlated with ponded area. Volume of irrigation pits in the watershed was labeled tentative by
Boruta (Figure 2-13). The relationship is negative as anticipated, however the RF model does not
predict a significant decrease in ponded area.
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Figure 2-9. PD plots for land use in the watershed.

Figure 2-10. PD plots for soil types in wetland hydric soil area.
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Figure 2-11. PD plot for watershed size.

Figure 2-12. PD plot for ratio of watershed area to hydric soil area.
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Figure 2-13. PD plot for volume of irrigation pits in the watershed.

2.4 Discussion
The RF model was able to account for just under half of the variance in observations of
ponded area. Several interpretations can be made from this; the unaccounted-for variance may be
due to variable(s) that were not included in this analysis, or an inherent randomness to wetland
ponding that cannot be predicted. It could also be reflective of accuracy issues with one or more
variables, i.e. ponded area may be underestimated in some wetland sites due to misclassification
as hydric vegetation can obscure ponded water.
Results do not implicate a specific variable of considerably greater importance for
predicting ponded area. This aligns with expectations that the complexity of the wetland systems
does not lend itself to obvious influences. Precipitation variables, particularly those pertaining to
the fall and winter, have the largest influence on ponded area, which was to be expected because
precipitation is the primary water supply for RWB wetlands. The low relevance of percent of
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precipitation normals was unexpected; in the PD plot for October, the only month confirmed by
Boruta, ponded area observations in years where October precipitation was below normal are
unexpectedly high. The same trend was observed for percent of precipitation norms for January.
This is likely a result of fall pumping during particularly dry years; although the teal hunting
season begins in September, October is the preferred month for pumping due to lower ET rates
(Rainwater Basin Joint Venture Water Workgroup, 2017). The RF model estimated ~23.5%
ponded area in years where October rainfall was near 0 mm, which is higher than what the model
predicted for years where October precipitation was within 0 - 200% of normal. This implies that
benefits of fall pumping can extend to the early spring migration season, although it could be an
artifact of climate patterns. However, the correlation matrix in Figure 2-1 does not indicate a
significant negative relationship between October precipitation and precipitation received in
January, February, or March. One potential mechanism through which fall pumping may benefit
spring ponding is that by pumping water into the wetland during an otherwise dry fall, the
formation of desiccation cracks is prevented. The clay-rich soils of RWB wetlands can form
desiccation cracks over half a meter in depth, acting as preferential flow paths to the subsurface
or “rapid recharge” during precipitation events (Wilson, 2010). Once desiccation cracks form, a
wetland must receive enough precipitation to cause soils to swell and heal the cracks before
significant ponding can occur. As a result, wetlands where cracks formed will require more
precipitation to pond compared to years where such cracks did not form.
Although the predicted importance was unexpectedly low, the influence of soil types was
within expectations, with the model predicting only Massie soil to have a positive relationship
with ponded area. Interesting trends amongst watershed characteristics include the apparent
positive relationship between ponded area and soy cultivation and undeveloped/uncultivated
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land. Undeveloped non-cultivated land and soy cultivation in the wetland watershed had a
positive relationship with ponded area. This may imply a difference in the amount of surface
water runoff between soy and other crops, due to differences in farming methods and water
requirements between crop types. Undeveloped non-cultivated land likely has a positive
relationship with ponded area due to less soil surface modifications and increased runoff. The
model predicted that irrigation pits in the watershed had a much weaker negative influence on
ponded area than anticipated. Watershed size and the ratio of watershed area to hydric soil area
were of similar importance. The PD plot for watershed size indicated a negative relationship
between larger watersheds and ponded area, however the PD plot for watershed-to-hydric-soilarea ratio depicted a larger ratio as having a positive influence on ponded area.
While other excavation project variables such as excavation status, years since
excavation, and excavation depth were rejected by Boruta, variables pertaining to the amount of
material removed during the last excavation event were of similar importance to watershed landuse variables. The relationship between ponded area and the normalized amount of material
removed during the last excavation project was positive, with the model predicting a ~4-5%
increase in ponded area at most. The total amount of excavated material from all previous
excavation projects normalized by hydric soil area showed the same trend. Excavation projects
are intended to improve wetland function, so these results are mostly within expectations.
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CHAPTER 3 – ANALYSES OF WATER LEVEL SENSOR DATA
3.1 Introduction
Water level response to fluxes such as ET, infiltration, and precipitation are complex
functions of parameters such as solar radiation, wetland bathymetry, soil conditions, and surface
roughness. While these fluxes can be difficult or costly to measure/calculate, the signal of these
fluxes can be observed in water level changes. As part of a prior project, NGPC collected water
level data at several wetland sites which was provided for this study along with pressure
transducers for use in the field. Without site-specific precipitation data and an accurate means for
estimating ET, a water balance approach could not be used to analyze wetland losses to ET or
specific yields in response to rainfall. As such, exploratory analyses were performed to see what
insight on day-to-day water level trends could be obtained. Research questions were:
1. What is the average daily water level decline in wetlands on days of no precipitation?
2. How do water levels change in response to precipitation over the wetland and over the
watershed?
3. What relationship does water level have with water level change?
4. Are there notable differences between wetland sites in the above trends?
5. How well can a RF model predict water level changes when provided data for variables
such as temperature, current water depth, and recent precipitation?
Since daily water level changes are influenced by multiple variables at once, RF analyses were
again utilized to compare water level changes to the limited set of variables for which data was
available.
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3.2 Methods
NGPC provided sensor data from 12 WMAs that was collected from late spring to fall of
2017, 2018, and 2019 (Figure 3-1). Sensor readings were taken 4 times a day at 4 AM, 10 AM, 4
PM, and 10 PM. Additional data was collected in 2021 using 10 Solinst Leveloggers (Model
3001 F30/M10) and 10 Barologgers (Model 3001 F5/M1.5) provided by NGPC. Examples of
times series of this data are provided in the appendix (Figures A-1 and A-2). These sensors are
pressure transducers designed for continuous monitoring of water levels. Leveloggers measure
the pressure of the overlying water column and atmospheric pressure. To normalize for natural
variations in atmospheric pressure, barologgers are deployed in conjunction with leveloggers.
The barologger is suspended above the water surface where the levelogger is installed to measure
only the atmospheric pressure. The barologger’s data is used to correct the leveloggers
measurements for changes in barometric pressure, to obtain the correct depth of the water
column above the levelogger (Calderwood et al., 2020). The reported accuracy for these sensors
is ± 0.5 cm for leveloggers and 0.05 kPA for barologgers (Solinst, 2020; Altenau et al, 2019)
Ten WMAs were chosen for sensor placement based on soil type, excavation status, and
proximity to wetlands of similar soil types (Figure 3-2Figure 3-1). Sensors were set to start
recording water level measurements at 10 PM on the day of placement and continuously take
readings every 10 minutes. Sensors were planned to be placed in July, but due to scheduling
complications, sensors were placed on August 2, 2021. Water was found in only 6 of the 10
chosen sites. 3 of these 6 sites overlap with the 12 sites where NGPC had previously collected
data in. Because the sensors are not designed to withstand freezing temperatures, sensors were
retrieved on October 22, 2021. Precipitation data from PRISM climate group was again used.
The lack of site-specific precipitation and data sufficient for calculating ET made analysis of
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water level data difficult, as water level increases were seen on days of no recorded precipitation.
Although the Hargreaves equation can be used to estimate daily ET based on minimum,
maximum, and mean temperature, this equation has been found to overestimate ET in humid
locations and underestimate in windy locations (Djaman et al., 2015; Almorox and Grieser,
2015). ET estimates made using this equation generally did not align well with water level
change on days of no precipitation. Removing the influence of precipitation to examine negative
water fluxes (ET, infiltration) was complicated by positive water level changes that did not
correlate with days of precipitation or recent precipitation, possibly due to sensor inaccuracy or
unknown inputs such as irrigation runoff.
RF was used due to the variety of and uncertainty regarding potential predictor variables.
The data provided by NGPC was analyzed separately from the data collected in 2021. Two RF
analyses were run using NGPC’s data. See Table 3-1 for predictor variables used in RF analyses
of NGPC data. Because sub-daily precipitation data was not available, readings from days when
precipitation occurred were removed in analyses where the response variable pertained to subdaily water level changes. Days when pumping occurred in wetlands were also removed, as well
as readings taken within 48 hours following pumping, although most water levels within this
period did not appear significantly impacted by pumping.
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Figure 3-1. Map of sensor locations where NGPC collected water level data in 2017, 2018, and
2019. Soil type at sensor location is not indicated because the specific placement on sensors in
the wetland was not provided.
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Figure 3-2. 2021 sensor sites, with the soil type of planned sensor placement and excavation
status indicated by color. *Sites where sensor was not placed. **Prairie marsh had a small
excavation event in 1999 that was primarily to remove a berm, rather than sediment excavation,
and thus is considered unexcavated for this project.

VARIABLE CODE
Hydric.Soil.Area
Location
P.<WMA or
WS>.Last3Days.mm
P.<WMA or
WS>.Yesterday.mm
P.WMA.DaysSince
Watershed.Size

DESCRIPTION

MODEL

Area of hydric soil acres at the wetland (acres)
WMA at which the sensor was installed
Precipitation received for the past 3 days over the
wetland (WMA) or watershed (WS)
Precipitation received yesterday over the wetland
(WMA) or watershed (WS)
Days since the last precipitation event over the
wetland
Size of wetland watershed (acres)

All
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WS2HSA.a
Initial.Temp.C
Time.Period
Initial.Water.Level.cm

Ratio of wetland size to hydric soil area
Temperature at the beginning of the interval
6-hr time period for which water level change was
calculated
Water level at the beginning of the interval

6-hr; 1-hr
6-hr
24-hr; 6hr

Avg.Temp.24.Hours.C

Average temperature from 4 am, 10 am, 4 pm, and
10 pm sensor readings
Month
Month when reading was taken
24-hr
P.<WMA or WS>.mm
Precipitation received that day over the wetland
(WMA) or watershed (WS)
Ending.Hour
Time at the end of the 1-hr interval
Hourly.Avg.Temp.C
Average temperature across hour based on
readings taken every 10 minutes
Hourly.Avg.Water.Level.cm Average water level across hour based on readings
1-hr
taken every 10 minutes
Sensor.Soil.Unit
NRCS Soil unit in which the sensor was located
Soil.Scenario
Soil type and excavation status of location where
sensor was installed
Table 3-1. List of predictor variables codes and descriptions of the variables used in the three RF
analyses conducted on water level data.

3.3 Results
3.3.1 Model Performances and Variable Importance Plots
Each of the three initial RF models were able to account for roughly half of variance in
their respective intervals for observations of water level change. The amount of variance
explained by the model was inverse to observation interval length. Model performances are
shown in Error! Reference source not found.Error! Reference source not found.. Prediction
errors for the models were less than the standard deviation for their perspective intervals (see
Error! Reference source not found.-3). Variable importance plots for the models are shown in
Figure 2-3. Variable importance plot for ponded area RF model.
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RESPONSE
VAR

SAMPLE SIZE

% VAR
EXPLAINED

SUM OF SQUARED
RESIDUALS
(Prediction Error Range)

24-hr Change
5,922
55.7
214.3 (+/- 14.6 mm)
(NGPC data)
6-hr Change
10,520
65.7
26.0 (+/- 5.1 mm)
(NGPC data)
1-hr Change
6,486
60.6
6.9 (+/- 2.6 mm)
(2021 data)
Table 3-2. Model performance for RF analyses of 24-hour, 6-hour, and 1-hour water level
change based on NGPC data and 2021 data.
MEAN
STANDARD
RANGE
MEDIAN
VALUE
DEVIATION
24 hour
-0.77
21.48
581.7
-3.65
6 hour
-1.23
8.70
137.3
-1.00
1 hour
-0.06
4.19
110.8
0.16
Table 3-3. Summary of mean, standard deviation, and range of values for water level change
intervals. All units are in millimeters.
INTERVAL
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Figure 3-3. Variable importance plots for the 3 RF models analyzing water level change across
24-hr, 6-hr, and 1-hr timespans.
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3.3.2 Daily Water Level Declines
Using the 24-hr RF model, a partial dependence plot for location (Figure 3-3) depicts the
model’s prediction for daily water loss by site. Whereas days of precipitation were included in
the dataset for this model, days of precipitation were removed when creating this plot to ensure it
represents the model’s estimate of water level change on days without precipitation. The average
of predictions by location indicates a -5.19 mm average daily water level decline (standard
deviation = 0.76 mm) across all sites. The 6-hr RF model generates a PD plot depicting water
level change across four time periods: 4 am - 10 am (morning), 10 am - 4 pm (midday), 4 pm 10 pm (afternoon/evening), and 10 pm - 4 am (night). This PD plot is shown in Figure 3-4, and
PD plots for time period for each of NGPC’s sensor locations can be found in the appendix. The
sum of predictions per time period the 6-hr RF model predicts a -4.25 mm average daily water
level decline. A PD plot for time based on the 1-hr RF model is shown in Figure 3-5. Hourly
predictions from the 1-hr model summed to a -6.59 mm daily decline. ET is presumably
responsible for a greater proportion of 24-hr water level declines in summer months; however,
the 24-hr RF model did not predict notable variations in 24-hour water level change between
months (Figure 3-7) because the RF model holds all other response variables the same. PD plots
for month based on data from individual sites are found in Appendix Figure A-3. Temperature is
the closest variable available for inferring the impact of ET, the PD plot for which is shown in
Figure 3-8. The relationship between water level change and temperature is negative as expected,
with water levels declining more drastically (6 – 8 mm per day) at temperatures about 25 °C/77
°F.

39

Figure 3-3. PD plot for location from the 24-hr RF model, based on days without precipitation.
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Figure 3-4. PD plot for time period from the 6-hr RF model.

Figure 3-5. PD plot for time from the 1-hr RF model.
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Figure 3-6. PD plot for month from the 24-hr RF model.
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Figure 3-7. PD plot for temperature from the 24-hr RF model.
3.3.3 Water Level Changes in Response to Precipitation
Only the 24-hr RF model included data from days with precipitation over the watershed
and the wetland; PD plots for these two variables are in Figure 3-8 and Figure 3-9. Model
predictions more than 35 mm of precipitation were not included in these figures as 95% of
precipitation observations were under 35 mm. Figure 3-8 demonstrates a uniform response to
wetland precipitation amongst all 12 sites up until roughly 33 mm of precipitation is reached
(likely due to the lack of observations from days of precipitation greater than 33 mm). The model
predicts water level changes do not become positive until at least 10 mm of precipitation area
received over the wetland. Water level changes roughly proportionate to the amount of
precipitation received beyond 10 mm were predicted. In Figure 3-9, the model predicts water
level change becomes positive when more than 5 mm of precipitation are received over the
watershed; for Deepwell WMA and Kissinger WMA the model predicts slightly less
precipitation is needed, while at Sandpiper WMA and Spikerush WMA slightly more
precipitation is predicted to be needed. Beyond this threshold, the model predicts water level
increases to be roughly 1/3 of the amount of watershed precipitation received above ~5 mm.
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Figure 3-8. PD plot for precipitation over the wetland from the 24-hr RF model.
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Figure 3-9. PD plot for precipitation over the watershed from the 24-hr RF model.

3.3.4 Water Level Changes in Response to Current Water Levels
Figures 3-10 and 3-11 show the 24-hr model’s predictions for water level change as it
pertains to the current water level. In Figure 3-10, the model shows 24-hour water level changes
stabilizing or only modestly decreasing at wetland stages of 5-10 cm, depending on site. Bluebill
South WMA is predicted to have more drastic daily declines at a stage of 5 to 15 cm. Renquist
WMA and Spikerush WMA noticeable exhibit larger daily declines as well, and Father Hupp
WMA is predicted to experience larger daily water level declines when wetland stage
exceeds~52 cm. In figure 3-11, water level change is plotted as a percent of the current water
level. In this plot, the prediction for Renquist WMA exhibits drastically greater declines relative
to water level at low stage (<10 cm), and Spikerush WMA and Bluebill South WMA also still
exhibit large declines relative to other sites until wetland stage exceeds 20 cm (40 cm for
Bluebill South WMA).

45

Figure 3-10. PD plot for current water level from the 24-hr RF model for days of no
precipitation.
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Figure 3-11. PD plot for current water level from the 24-hr RF model for days of no
precipitation, with water level change plotted as a percent of the current water level.

3.3.5 Trends Between Sites
The RF models largely predicted the same trends in water level response to precipitation,
and current water level for all sites, however this due to RF holding all other predictor variables
the same, which would not be the case in the actual wetland sites. Magnitude of change in
response to precipitation did vary somewhat between sites, while differences in magnitude of
change were much more noticeable between sites with respect to current water levels. Bluebill
WMA, Renquist WMA, and Spikerush WMA stand out in figures 3-4, 3-10, and 3-11 as being
predicted to have larger 24-hour water level declines. Accelerated water level declines have been
noted by land managers at Bluebill WMA and Renquist WMA.

3.4 Discussion
The most notable results from this analysis are an estimate of daily water level declines
by site and by temperature. This information may be useful to land managers in estimating how
long a wetland may remain inundated. With in-situ precipitation data and/or ET data, the
accuracy of these estimates might improve greatly. How much water was lost due to infiltration
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versus ET could not be inferred with the few variables for which data was available. Differences
in water level response to rainfall are likely greater between sites than that predicted by the
model, due to the fact that the RF model is holding all other variables the same when predicting
site-specific response.
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CHAPTER 4 – UNCERTAINTY & CONCLUSIONS
4.1 Conclusions
Despite their highly threatened status and importance for millions of migratory birds,
RWB wetlands have received little attention from the hydrologic research community. This
study used new and existing data to evaluate relationships between wetlands and their presumed
constraints. Evaluation of the impact of conservation efforts’ such as excavation projects was a

desired product of this study; however, analysis of AHS data ultimately was not determined to be
useful for evaluating the impact of excavation, as wetland excavation is more likely to influence
ponding depth and duration than area. Random Forest analysis of ponded area measurements
obtained by the RBWJV’s annual habitat surveys indicated that precipitation in the fall and early
winter has the greatest influence on ponded area, and that larger excavation events are positively
correlated with ponded area. However, the Boruta algorithm did not find that excavation status,
recency of excavation, or depth of excavation were relevant variables for predicting ponded area.
This is likely a limitation of using spatial extent data to evaluate an excavation method that
primarily should be expected to affect hydroperiod and ponding depth, rather than ponding area.
Deviation from 30-year precipitation normals for the month of October had an initially inverse
relationship with ponded area, suggesting that pumping of water into wetlands during
particularly dry Octobers has benefits on ponded area that carry over into the spring. Inclusion of
future data and more wetland sites would make for a more robust analysis.
Wetland water level data proved difficult to analyze without in-situ precipitation and ET
measurements. Comparing water level change to the time of day revealed unexpected albeit
marginally water level increases in the morning and midday, potentially due to sensor error or
hysteresis, and the proportioning of water level decline between ET and infiltration was impeded
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by uncertainty regarding the occurrence of precipitation and unexpected water level increases.
All 3 RF models from the two separate datasets did however consistently predict daily water
level declines of around 5 to 3.5 mm. Predicted 24-hour declines did not vary greatly between
months, despite the expectation that varying ET rates should result in greater losses in the
summer. The 24-hr RF model predicted the largest declines in May, June, and July, however
these declines were only ~1 mm greater than in other months. Three sites (Kirkpatrick Basin
South WMA, Renquist WMA, and Spikerush WMA) were predicted to lose 1 or 2 mm more per
day than other wetlands. Wetland water level changes in response to precipitation were mostly
similar between sites, with Kissinger WMA and Father Hupp WMA having greater water level
changes in response to watershed precipitation. The water level change in response to current
water levels implied marginally greater water level declines at higher water levels, counter to the
expectations. Overall, trends in the influences of predictor variables were largely congruent
amongst the sites sampled, most likely due to how RF models operate.

4.2 Uncertainty & Future Considerations
4.2.1 Annual Habitat Survey Analysis
The primary improvement that could be made to analysis of AHS data is the inclusion of
more wetland sites. This would require additional wetland sites to have similar records for
restoration projects (particularly excavation projects). Increasing the sample size of the data
should increase the robustness of the model, as the sample size used here was small enough to
still be influenced by outliers. The U.S. Fish and Wildlife Service’s (USFWS) Waterfowl
Production Areas (WPAs) in the RWB region would make ideal candidates for additional sites to
be added to the dataset, as the USFWS conducts similar restoration projects to those performed
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by NGPC on their wetlands. Additionally, more frequent vegetation surveys might also bolster
hydrologic research into RWB wetlands, as the abundance of certain invasive plants has the
potential to obscure areas of standing water from being recorded by RWBJV’s habitat surveys.
As a result, ponding data for certain wetlands may be underestimated. Surveys of hydric
vegetation would also provide data on saturated-but-not-ponded areas of the wetland, which
could then be compared between sites.
Future works should consider evaluating the impact of restoration efforts via comparing
water depth, volume, and duration of inundation between wetlands. Data at a finer temporal
resolution than that used in the ponding area analysis is likely necessary to better discern
hydrologic differences between wetlands of different excavation status. Combining AHS data
with ground-truthed LiDAR imagery may be able to provide an estimate of ponding depth and
volume. Although this would not change the temporal resolution of AHS, ponding depth and
volume at survey times may be a better metric for comparison of hydrologic performance of
wetlands prior to and after restoration.
Additional variables or improvement to existing variable data could also be made.
Annual data on the spatial extent of irrigation methods could be used to add variables pertaining
percent of dryland, pivot, and gravity irrigation in wetland watersheds. The availability and
accuracy of this data on an annual scale is limited, however. The methodology of and decade in
which soil surveys were conducted varies between wetlands. As variables pertaining to hydric
soil area and types within wetlands was based on this data, these variables could be improved
with more recent and standardized soil surveys. Hydric soil types were lumped into
predominantly Massie, Scott, and Fillmore units, because some wetland soil maps varied in their
specificity when identifying hydric soil units. Reporting on when nearby irrigation pits are filled
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also may have inaccuracies regarding when a pit was filled, and is sometimes not specific
enough to determine whether a pit was filled before or after the AHS for that year had been
conducted. The difficulty of delineating watershed in such a flat and highly modified region also
introduced uncertainty regarding watershed delineations and subsequently any variables
pertaining to watershed characteristics, such as area of different land use types. Features such as
culverts underneath roadways may not be represented in land-surface data, making it difficult to
rely on alone for watershed delineations. As satellite imagery, DEM resolutions, and computing
abilities improve, watershed delineations for wetlands may be worth revisiting.
The RWBJV’s annual habitat surveys also include data on functional area. Currently this
dataset servers to differentiate between areas within hydric soil footprints that contain
agricultural and non-agricultural vegetation. Non-agricultural vegetation within hydric footprints
is labeled functional, however the dataset does not differentiate between upland (non-hydric)
vegetation and hydric vegetation. Remote-sensing analysis may be able to delineate between the
two vegetation types to determine true wetland “functional” area, and from this a similar RF
analysis could be performed.

4.2.2 Water Level Data Analysis
Analysis of water level data was complicated by frequent increases in water level that did
not align with data for precipitation over the wetland area. This could in part be an issue with the
resolution of precipitation data, as PRISM grid cells are analyzed at a 4 km scale. While some
increases can possibly be attributed to surface water inputs from the watershed, water level
increases were still observed on dates where both the wetland and watershed area had not
received precipitation in the past 48 hours (see Appendix Figure A-4). These unexpected
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increases may be a result of sensor error and could potentially be remedied by using sensors with
a narrower accuracy range. Because wetland study sites were receiving water inputs that could
not be reliably removed, model results may be underestimating daily water losses to combined
ET and infiltration. Future research should include rain gauges at and around study sites in order
to obtain site-specific data on occurrence and quantity of direct precipitation inputs, and a
network of gauges within the presumed watershed may also prove beneficial. Currently, many
methods for measuring or calculating ET are resource-intensive and provide ET measurements
for only a specific point; however, remote-sensing techniques such as those detailed in
Ramatsabana et al (2019) and Ceron et al (2015) warrant consideration for future hydrologic
studies. To better understand the impact of excavation on hydrologic function of RWB wetlands,
collecting water level data via pressure transducers for several seasons prior to and following an
excavation project and utilizing an RF analysis to compare water level trends (while accounting
for climate variables) may yield greater insight.
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APPENDIX

Figure A-1. Water level data collected by NGPC at Greenwing WMA.
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Figure A-2. Water level data collected by NGPC at Straightwater WMA.
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Figure A-3. Partial dependence plots depicting the marginal effect of month on 24-hr water level
change based on data from each of the 12 NGPC sensor sites.
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Figure A-4. (NGPC Dataset) Observations of positive 24-hr water level changes on days where
PRISM precipitation data did not record any precipitation over the wetland or watershed for the
past 2 days.

